The soluble methane monooxygenase (sMMO; EC 1.14.13.25) from the pseudothermophile Methylococcus capsulatus (Bath) is a three-component enzyme system that catalyzes the selective oxidation of methane to methanol. We have used NMR spectroscopy to produce a highly refined structure of MMOB, the 16-kDa regulatory protein of this system. This structure has a unique and intricate fold containing seven ␤-strands forming two ␤-sheets oriented perpendicular to each other and bridged by three ␣-helices. The rate and efficiency of the methane hydroxylation by sMMO depend on dynamic binding interactions of the hydroxylase with the reductase and regulatory protein components during catalysis. We have monitored by NMR the binding of MMOB to the hydroxylase in the presence and absence of the reductase. The results of these studies provide structural insight into how the regulatory protein interacts with the hydroxylase.
Methanotrophic bacteria abound at the interface of aerobic and anaerobic sediments, where they rely on methane as their primary source of carbon and energy. In the first step of metabolism, these organisms employ either soluble or membrane-bound methane monooxygenase (MMO; EC 1.14.13.25) systems to oxidize methane selectively to methanol (1, 2):
The soluble methane monooxygenase system (sMMO) isolated from the pseudothermophile Methylococcus capsulatus (Bath) functions optimally at 45°C. It is composed of a 251-kDa dinuclear iron-containing dimeric hydroxylase (MMOH), a 39-kDa NADH-dependent [2Fe-2S]-and FAD-containing reductase (MMOR), and a 16-kDa regulatory protein (MMOB). The regulatory protein (MMOB) exists in solution as a monomer (3, 4) and binds to the hydroxylase dimer at two weakly interacting sites (3) . When present at low concentration, MMOB converts MMOH from an oxidase to a hydroxylase (3, 5) and stabilizes intermediates required for the activation of dioxygen (6, 7) . As the MMOB concentration is increased to saturate both binding sites, the hydroxylase activity is attenuated (3, 7) .
The crystal structure of MMOH reveals two juxtaposed canyon regions formed by its ␣ and ␤ subunits (8) . The dinuclear iron centers of the hydroxylase reside just 12 Å below the canyon floor, and it has been suggested that the binding sites of MMOR and MMOB may be located in these deep recesses (8) . The results of spectroscopic (9, 10) , chemical crosslinking (11) , and steady-state kinetic and isothermal calorimetric (3) studies support this proposal.
We have used high-resolution NMR spectroscopy to determine the solution structure of the regulatory protein and to identify residues on its surface involved in hydroxylase binding. The effects of reductase on the MMOB͞H interaction were also investigated.
MATERIALS AND METHODS
Sample Preparation. MMOB was prepared from a recombinant expression system in Escherichia coli (ref. 12 ; D. Coufal, J. L. Blazyk, and S.J.L., unpublished work) and purified as described previously (3) . NMR experiments were typically run at 25°C with 1.0 mM samples in 50 mM sodium phosphate buffer (pH 6.5) containing 4 mM Pefabloc (Boehringer Mannheim) and 0.1% sodium azide. Isotopically enriched samples were isolated from cells grown on M-9 medium supplemented with 15 NH 4 Cl, 13 Cglucose, and͞or Backbone resonance assignments were obtained by using standard three-dimensional heteronuclear experiments and selective labeling techniques (13, 14) . Distance restraints were obtained by using two 15 N-(150-and 120-ms mixing time), one 13 C-dispersed (80-ms mixing time), and two-dimensional (80-and 120-ms mixing time) nuclear Overhauser effect spectroscopy (NOESY) spectra. Spectra were processed with FELIX software packages (Hare Research͞Biosym) and analyzed by using XEASY (15) on Silicon Graphics work stations.
Dihedral and 1 angle constraints were obtained by using HNHA (16) and HNHB (17) and double quantum filtered COSY spectra (18) , respectively. Additional dihedral and angles were obtained with the TALOS program (19) .
Structure Calculations. Structure calculations were performed with the use of simulated annealing (20) in XPLOR 3.851 on R10000 IndigoII Silicon Graphics workstations (21) . A total of 20 random structures were subjected to 50,000 simulated annealing and cooling steps of 0.005 ps at 3000 K. Coordinate and restraint files have been submitted to the Brookhaven protein database.
MMOB͞H Titration. To characterize the interaction with hydroxylase, a NMR titration study was performed in which the [ 15 N, 1 H]-heteronuclear single-quantum coherence (HSQC) spectrum of MMOB was monitored upon addition of increasing concentrations of MMOH. Because significant decreases in hydroxylase activity occur after freezing and thawing cycles, fresh samples were prepared prior to each experiment. Concentrations were calculated by using extinction coefficients based on amino acid analysis (3) . In all cases, MMOB was 15 N-labeled and at 0.2
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1 is a unity vector and E is an identity matrix. Matrix R contains the transverse relaxation rates in s Ϫ1 for free and bound MMOB where relaxation is assumed to be described by a single exponential. Matrices K and ⍀ contain the chemical exchange rates and chemical shifts, respectively, whereas W is a matrix containing the probability of occurrence at each of the bound and free frequencies. To simplify the calculation of the line shape, F was set equal to Ϫ B , where F and B are the chemical shifts of the free and bound states, respectively. Finally, the line shape was simulated by using Eq. 5:
where a and k are the fraction of the free state and the inverse of the lifetime (k off ) of the bound state, respectively. R 1 and R 2 are the transverse relaxation rates of the free and bound states, respectively, and 1 is the chemical shift in the free state.
Simulations of the line width of MMOB in a 10:1 ratio over the complex are presented in Fig. 1 . These calculations (Eq. 5) were performed with k off values of 3.2 s
Ϫ1
( Fig. 1 A) 1B) and chemical shift differences, 1 , of 0 Hz (black) and 500 Hz (red). For clarity, the axis of each plot is offset such that free ϭ 0 Hz. These k off values represent experimentally determined rate constants for the dissociation of MMOB from MMOH at 25°C and 45°C, respectively (3). The chemical shift differences are conservative estimates of the anticipated changes in amide proton resonance frequencies upon binding as discussed below. It is clear from these simulations that peak heights decrease as values for the dissociation rate constants and chemical shift increase. A peak height reduction of greater than 20% results from a chemical shift difference of 0.8 ppm when k off is 25.6 s Ϫ1 (Fig. 1B) . This reduction is consistent with our observations. Simulations of Eq. 5 using a dissociation rate constant of 3.2 s Ϫ1 produce line shapes that are less sensitive to the chemical shift differences between the free and bound states than observed in the binding data ( Fig. 1 A and B) . MMOB binds MMOH at two interacting sites, which differ in affinity by approximately 4-fold at 25°C, and the dissociation rate constant of 3.2 s Ϫ1 corresponds to the higher-affinity site (3). A dissociation rate constant has not been reported for the low-affinity site; however, the decreased affinity may be the consequence of a significantly larger k off than the value of 3.2 s Ϫ1 reported for the high-affinity site. Substitution of a 4-fold larger k off value of 12.8 s
into Eq. 5 resulted in simulated line shapes that were representative of the lowtemperature binding data. We conclude that the changes we observe in the NMR titration study at 25°C most likely arise from binding at the low-affinity site. The interacting sites binding behavior encountered at 25°C is not observed at 45°C (3) . Correspondingly, at high temperatures, the NMR titration data reflect only a single type of binding interaction. It is possible that the subtle differences we observe in the binding data recorded at 25°C and 45°C are related to a temperature-dependent conformational change, which results in a higher affinity complex at 45°C.
Differential broadening of resonances was observed as the ratio of MMOB to MMOH was decreased. Because determining accurate half-heights was technically difficult, we measured the maximum peak height, which is inversely proportional to the line width. This parameter was obtained for each resonance of the 
RESULTS
Structure Determination. A summary of data used for the structural calculations is provided in Table 1 . Of 20 random starting structures, 14 had no NOE or dihedral angle violation greater than 0.5 Å and 5°, respectively. Within regions of the defined secondary structural elements of residues 35-131, the 14 converged structures have an average backbone rmsd of 0.46 Å to the average structure ( Fig. 2A) .
Description of the Structure. A stereoview of the best-fit superposition of the backbone atoms of residues 35-131 displays the structural core containing two ␤-sheets and three ␣-helices (Fig. 2 A) . Residues 1-34 contain two partially folded helices (residues I12-K16 and A21-F24) but their orientation relative to the protein core is not defined. The C-terminal region is unstructured.
A secondary structure diagram of MMOB (Fig. 2B ) reveals a remarkable, nearly perpendicular arrangement of the two ␤-sheets, composed of antiparallel ␤-strands, bridging three ␣-helices. ␤1 and ␤2 are separated by a long, well-defined helix, ␣1. The tight turn between ␤2 and ␤3 arches back, away from ␣1, such that R73 covers W78. W77 forms close contacts with residues within ␣1. After a sharp bend, ␤3 becomes ␤4, which forms the first strand of the second sheet. Between ␤4 and ␤5 are two helices, ␣2 and ␣3. ␣2 comes in close contact with ␣1, with 20 NOEs defining their relative orientation. Residues 98-106 are not well defined, but there is a small helix containing residues 102-106. Helix ␣3 contains two aromatic residues, one of which, F105, forms a stacking interaction with F123 of ␤6. ␤5 is the final strand of the first sheet and turns at a 90°angle to become ␤6. ␤7, the last ␤-strand, forms hydrogen bonds to ␤4 and ␤6. The MMOB structural core is formed through numerous long-range hydrophobic interactions between the ␤-sheets and helices and between the helices with each other. Residues located on the interior side of the four-stranded ␤-sheet come in close contact with ␣1. The C-terminal residues of ␣1 facing the four-stranded ␤-sheet, including residues I55, L56, and Y60, come in close contact with V68, while the N-terminal residues of ␣1, including residues I48, N49, and I52, come in close contact with V70, W77, I79, and T112. The opposite side of ␣1 is close to ␣2, and 20 NOEs define their relative orientations. Helix ␣3 comes in close contact with the three-stranded ␤-sheet as F105 stacks with F123.
MMOB Has a Protein Fold Not Previously Described.
We submitted the structure of MMOB to the DALI server (24), which did not find similar folds. The closest related folds are for the metalloexozymogen procarboxypeptidase A (PCPA) alone and in complex with proproteinase E and chymotrypsinogen C, the Z-values of which are 2.1 and 2.5, respectively. The globular part of PCPA contains a four-stranded antiparallel ␤-sheet covered on one surface with two helices. Whereas the orientation of the helices relative to the ␤-sheet is similar to that of MMOB, this protein contains only one ␤-sheet and thereby lacks the more complicated ␤-sheet orientation of MMOB. Thus, MMOB can be considered to have a novel fold.
Homologous Proteins. Seven methane and aromatic multicomponent monooxygenases have protein components with sequence similarities (Fig. 3) (4) . There are 10 residues that are conserved in at least six of these sequences: S2, V38, I52, E53, I79, G83, E94, L96, G97, and G114, and it is likely that some of these are involved in binding interactions of MMOB with the hydroxylase. Four residues (V38, I52, I79, and L96) are involved in critical tertiary interactions. The strictly conserved glycine residues, G83 and G114, adopt (
dihedral angles inaccessible to other residues, which allows the orthogonal orientation of the ␤-sheets. Conserved residue G97 at the end of ␣2 similarly adopts otherwise inaccessible dihedral angles to make a well-ordered abrupt turn. Fig. 4A shows a mapping of the conserved residues onto the MMOB surface. L96, G97, and F100 form a cluster of conserved residues with D108 in close vicinity. E94 and E53 are similarly surface exposed and lack an obvious structural role. The implications of the sequence homology in the binding of MMOB to MMOH are discussed below.
MMOB͞H Binding Interaction. Line widths and cross-peak heights of [ 1 H, 15 N]-HSQC spectra of MMOB at various ratios of MMOB to MMOH were determined and plotted according to Eq. 6:
FIG. 1. Line shape simulations of MMOB titrations with MMOH by using Eq. 5 and koff values of 3.2 s Ϫ1 (A) or 25.6 s Ϫ1 (B) for chemical shift differences of 0 Hz (black) and 500 Hz (red). R1, R2, and a are 23 Hz, 250 Hz, and 0.8, respectively. In C is presented a comparison of observed peak height differences from [ 15 N, 1 H]-HSQC spectra of MMOB in the absence of hydroxylase and at a 10 MMOB to 1 MMOH ratio. Differences are normalized according to Eq. 6, and the homology conservation color scheme of Fig. 3 is used to highlight the correlation between sequence conservation and binding data. where h 0 and h are the peak heights of free MMOB in the absence of hydroxylase and at a given MMOB to MMOH ratio, respectively. The symbols h 0 and h represent the average peak heights at the corresponding MMOB to MMOH ratios. As discussed earlier, bound MMOB is unobservable because of its long rotational correlation time and cross-peaks corresponding to free MMOB at ratios greater than 2 MMOB to 1 MMOH are exchange broadened. Such a line shape analysis at a ratio of 10 MMOB to 1 MMOH for data collected at 25°C is provided in Fig.  1C . When these data are mapped onto a surface diagram (Fig. 4B) , the ''northern half'' of MMOB in this representation appears to form hydroxylase interactions, in contrast to the less affected ''southern half'' containing the terminal regions (Fig. 4B) . Furthermore, residues that are conserved in the primary sequence of MMOB (Fig. 3) are among those most significantly affected by the hydroxylase binding interactions (Fig. 4 A and B) . In particular, the conserved amino acids L96, G97, F100, and D108 are within a cluster of residues having cross-peaks that are significantly broadened upon binding. The residues in ␤6, including G114, R115, and Y117, are similarly affected by the presence of hydroxylase. ␤6, which is conserved among the hydroxylase regulatory protein family, contains a conserved hydrophobic residue at position 116 (Fig. 3) . Residues D22 through A26 of the N-terminal region experience greater than average broadening upon binding. These residues form a short helix and residues F24, F25, and A26 are strictly conserved in all three MMO component proteins.
This analysis was repeated for experiments conducted at 45°C with only subtle differences. First, residues E54, L57, K61, and K62, which form a cluster on the surface of MMOB (Fig. 4B Left) , are less affected. Second, the significant broadening of residues D22 through A26 is absent. A more detailed statement awaits the structure determination of the regulatory protein at 45°C.
The Interaction Face Is Hydrophobic. An electrostatic surface diagram of MMOB reveals that, although some charged residues appear on the surface, MMOB is largely hydrophobic (Fig. 4C) . The aromatic residues, Y117, F100, and W78, are surface exposed and significantly broadened, indicating that they may form hydrophobic interactions with the hydroxylase. The general conclusion that the interaction of the hydroxylase and MMOB protein involves hydrophobic contacts is consistent with the observed increase in entropy upon binding (3) Extended Termini. Our titration data suggest that the long unstructured N terminus of MMOB is less involved in binding at 45°C. At 25°C, however, cross-peaks corresponding to residues D22 through A26 experience greater than average broadening (Fig. 4B) . Many N-and C-terminal residues appear weakly in the 25°C spectra at MMOB to MMOH ratios of 2:1, however, where Cofactor proteins for the toluene monooxygenases systems include TMOD, protein D of the toluene-4-monooxygenase system from Pseudomonas mendocina; T3MOD, cofactor protein of the toluene-3-monooxygenase system from Pseudomonas picketti; and TbmC, cofactor protein of the toluene͞benzene-2-monooxygenase system from Pseudomonas sp. CF600. The two phenol hydroxylase cofactor proteins include PH3ac of Acinetobacter calcoaceticus and P2 from Pseudomonas putida. Helices and ␤-strands of MMOB (B-caps) are provided and labeled above the primary sequence as arrows and bars, respectively. Residues conserved in at least six of the seven sequences are shaded cyan, while those with conservative mutations are shaded purple. Remaining residues that are identical in all MMOB species are shaded gray. This alignment is described in more detail elsewhere (4).
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Biophysics: Walters et al. Proc. Natl. Acad. Sci. USA 96 (1999) all other residues are absent because of the binding. 15 N relaxation experiments on free MMOB clearly indicate that the termini do experience greater flexibility than the core (data not shown), and this property appears to be maintained in the presence of the hydroxylase. The extended structure of the N terminus, which we observe in our NMR structure, is consistent with anomalous behavior of MMOB as a dimer in gel filtration studies (3, 4) . MMOB͞H Model. It has been proposed that MMOB binds in the canyon regions formed by the ␣ and ␤ subunits of the hydroxylase (8) . We manually docked MMOB into the canyon region of the oxidized hydroxylase in the orientation best satisfying our binding data (Fig. 5) . The MMOB structure can be easily positioned into the large canyon, and its mainly hydrophobic surface is ideally suited for binding the very hydrophobic cleft at the ␣ 2 ␤ 2 dimer interface of the hydroxylase.
DISCUSSION
The compact structural core of MMOB forms an unusual fold containing two orthogonal ␤-sheets bridging three ␣-helices. Whereas the termini possess a helical tendency, they are quite disordered, and we were unable to orient them relative to the core. The functional significance of the termini is unclear. The N terminus of MMOB is quite susceptible to proteolysis (25) , and the active forms of the regulatory proteins from related hydroxylases are N-terminally truncated relative to MMOB (Fig. 3) .
Mutant versions of MMOB that lack the N-terminal regions have significantly lower activity than the native protein (4). Proteolytically truncated MMOB binds to MMOH with only slightly lower affinity than the native protein, but loses its ability to tune the redox potential of the dinuclear iron centers of sMMO (26) . The three sMMO regulatory protein sequences share high sequence conservation in their N termini, and our binding data suggest that D22 to A26 interact with the hydroxylase at 25°C.
Conserved Residues Convey Structural and Functional Information. The above analysis of the sequence homology alignment of MMOB with related hydroxylase cofactor proteins indicates the presence of many conserved residues that are critical in forming the MMOB structure. This conservation suggests that the structures of the seven proteins are similar. In particular, the conservation of G83 and G114 supports a similar orthogonal arrangement of two ␤-sheets in the homologous proteins. Furthermore, conserved residue I79 of ␤3 comes into juxtaposition with conserved residue I52 of ␣1, suggesting that the close proximity of ␣1 to the four-stranded ␤-sheet is common to all proteins of this family.
A preliminary NMR structure of the homologous phenol hydroxylase protein component P2 has been reported (27) . The secondary structure of P2 is slightly different from that of MMOB and the tertiary structure is much less compact. The angle between the ␤-sheets is obtuse in the P2 structure, and ␣1 and ␣2 are relatively far apart. As predicted, however, the homologous residues for I52 and I79 are in close proximity.
Highly conserved residues lacking roles in maintaining the MMOB structure are likely to participate in hydroxylase binding. The sequence alignment (Fig. 3) contains 10 strictly and 12 moderately conserved residues. A cluster of conserved residues, namely L96, G97, F100, V107, and D108, appears on the back surface of MMOB (Fig. 4 A and B Right) , and this same set was hypothesized to form interactions with the hydroxylase by our binding data. In A, the homology color scheme follows that of Fig. 3 . In B, the critical residues involved in hydroxylase binding at 25°C are mapped onto the surface by evaluating the change in peak height of each residue at a concentration of 10 MMOB to 1 MMOH according to Eq. 6. Blue and red regions correspond to residues with backbone amides experiencing greater and less than average broadening, respectively. In C, basic residues are shown in blue and acidic residues in red. White regions indicate uncharged surfaces. Parameters used to generate this figure are Ϫ70 to Ϫ35 and 70 to 35 kT. These structures were produced with GRASP (29) . The surface diagram of MMOB contains a large number of exposed hydrophobic residues, including L96, F100, and V107. It has been previously suggested that hydrophobic interactions dominate MMOB͞H binding (4) . In addition to these three residues, MMOB͞H binding data indicate interactions between the hydroxylase and W78, A116, and Y117. Homology considerations combined with the binding data reveal good candidates for site-directed mutagenesis studies.
Line Broadening Can Be Correlated with Hydroxylase Interactions. Solving the structure of MMOB provides an opportunity to understand the interaction of MMOB with the hydroxylase. Adding MMOH to a solution of MMOB produces differential line broadening in the HSQC spectrum of MMOB. Free MMOB exchanges in the slow to intermediate time regime with a bound state having very broad line widths. Our simulations predict that, upon addition of hydroxylase, the HSQC cross-peaks of free MMOB can be sensitive to chemical shift differences between the bound and free states and that this information can be used to identify the binding site on the ''northern'' face of the protein core (Fig. 4B) . The terminal regions have much less than average broadening. These regions are highly flexible in both the free and bound state of MMOB, and their cross-peaks are still visible in HSQC spectra at concentrations of MMOH where all core resonances are absent from broadening.
Although we can simulate our data well by using Eq. 5 with a change in chemical shift of 500 Hz between the free and bound states, we have not included relaxation of MMOB caused by the paramagnetic iron centers of MMOH. Contacts with the paramagnetic hydroxylase could cause chemical shift changes much larger than those expected for interaction with a diamagnetic protein and could broaden the lines in the bound state well beyond the estimated 250 Hz. When the residues most broadened in the presence of hydroxylase are mapped onto a surface diagram, they do not follow an obvious r Ϫ6 distance-dependent broadening characteristic of paramagnetic relaxation. Instead, residues most broadened are located in regions remote from one another. Hence, although one such region on the surface diagram could be experiencing the effects of the paramagnetism, paramagnetic relaxation is clearly not the only phenomenon contributing to broadening. Furthermore, the Fe atoms of the hydroxylase are rather buried and, when positioned in the hydroxylase canyon, MMOB is Ͼ10 Å away from these centers.
We have used our binding data to predict residues of MMOB that form critical interactions with the hydroxylase. Our predictions are supported by sequence conservation among homologous hydroxylase cofactor proteins, but our analysis assumes that chemical shift changes arising from structural changes of MMOB upon complex formation are negligible. Without structural data on MMOB in the complexed form, we cannot be certain that such structural perturbations of the protein cause broadening unrelated to interactions with the hydroxylase.
MMOB Is Easily Positioned in the Canyon Formed by the MMOH Dimer Interface. Steric considerations suggest that MMOB binds in the canyon formed by the ␣ and ␤ subunits of the dimeric hydroxylase, and crosslinking studies suggest that MMOB binds to the ␣ subunit of the hydroxylase (11) . The space within this canyon does not get completely filled after manual insertion of MMOB. The structure and binding location of the reductase are currently unknown, although crosslinking experiments indicate that it binds to the ␤ subunit of the hydroxylase (11) . Our NMR binding and other (3) data indicate that the reductase and MMOB do not compete for binding sites on the hydroxylase and do not interact with each other in the absence or presence of hydroxylase.
In conclusion, we have solved the structure of the sMMO hydroxylase regulatory protein. MMOB forms an intricate and unusual fold. The largely hydrophobic surface is ideally suited for binding the hydrophobic cleft formed at the ␣ 2 ␤ 2 interface of the hydroxylase. Whereas MMOB couples NADH consumption by MMOR to methane hydroxylation by MMOH, it does not appear to interact directly with the reductase. Instead, this regulatory function can be explained by an induced conformational change on the hydroxylase upon MMOB binding. The present structure and titration data are important contributions in understanding the highly complex sMMO systems.
